Efficient replication of the genome and the establishment of endogenous chromatin states are processes that are essential to eukaryotic life. It is well documented that Mcm10 is intimately linked to both of these important biological processes; therefore, it is not surprising that Mcm10 is commonly misregulated in many human cancers. Most of the research regarding the biological roles of Mcm10 has been performed in single-cell or cell-free in-vitro systems. Though these systems are informative, they are unable to provide information on the cell-specific function of Mcm10 in the context of the tissue and organ systems that comprise multicellular eukaryotes. We therefore sought to identify the potential biological functions of Mcm10 in the context of a complex multicellular organism by continuing our analysis in Drosophila using three novel hypomorphic alleles. Observation of embryonic nuclear morphology and quantification of embryo hatch rates reveal that maternal loading of Mcm10 is required for embryonic nuclear stability, and suggest a role for Mcm10 post zygotic transition. Contrary to the essential nature of Mcm10 depicted in the literature, it does not appear to be required for adult viability in Drosophila if embryonic requirements are met. Although not required for adult somatic viability, analysis of fecundity and ovarian morphology in mutant females suggest that Mcm10 plays a role in maintenance of the female germline. Taken together, our results demonstrate critical roles for Mcm10 during early embryogenesis, and mark the first data linking Mcm10 to female specific reproduction in multicellular eukaryotes.
Introduction
Eukaryotic life is dependent upon a series of highly regulated biochemical processes collectively known as the cell cycle. Through these systematic stages cells are able to grow, accurately replicate their genome, and divide. An underlying process of the cell cycle, termed the chromosome cycle, begins with the accurate replication of the genome, followed by condensation of the newly synthesized nucleic acids into chromatin, and ultimately the proper segregation of sister chromatids into the resulting daughter cells. The chromosome cycle is of utmost importance for the maintenance of genome function and integrity, as well as preservation of cellular identity (Stillman, 2005) . Errors during any stage of these key processes can manifest as genomic instability and result in genetic diseases, cancers, developmental abnormalities, or death (Polo and Almouzni, 2005; Sclafani and Holzen, 2007) . Understanding the molecular regulation of the cell and chromosome cycles is therefore critical to enhancing diagnostic as well as therapeutic strategies for a variety of human pathophysiologies (Das et al., 2013; Hua et al., 2014; Kastan and Bartek, 2004) .
Minichromosome maintenance 10 (Mcm10) has received attention as a potential cancer diagnostic due to its roles in both DNA replication and chromatin formation (Apger et al., 2010; Das et al., 2013; Hua et al., 2014; Thu and Bielinsky, 2014) . First discovered in a genetic screen for factors impacting DNA replication in S. cerevisiae (Merchant et al., 1997) , Mcm10 is an evolutionarily conserved eukaryotic replication factor that has been demonstrated to interact both genetically and physically with a wide variety of other replication and chromatin associated proteins (Apger et al., 2010; Christensen and Tye, 2003; Liu et al., 2009) . Functional studies in many model systems have suggested that Mcm10 plays a role in activating the Mcm2-7 helicase (Lee et al., 2003) , recruiting Cdc45 and the GINS complex to the pre-replication complex (Im et al., 2009; Wohlschlegel et al., 2002) , as well as the activation and stabilization of polymerase α-primase Bielinsky, 2004, 2006; Warren et al., 2009; Zhu et al., 2007) . Current evidence supports the idea that Mcm10 travels with the processing replisome (Aparicio et al., 1997; Das-Bradoo et al., 2006) , and modulates chromatin dynamics (Apger et al., 2010; Liachko and Tye, 2009) . Mcm10 has also been demonstrated to promote genomic stability through extensive interplay with DNA damage repair mechanisms (Alver et al., 2014; Becker et al., 2014; Thu and Bielinsky, 2014) . Despite the wealth of data describing the functions of Mcm10 in various steps in DNA 
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Biochemical studies have provided critical insight into the general cellular requirements of Mcm10 in DNA replication and chromatin dynamics; however, the majority of knowledge about Mcm10 has been obtained from in vitro analyses in Xenopus extracts, from singlecelled systems such as yeast, or from transformed eukaryotic cell culture systems (Thu and Bielinsky, 2013) . Though highly informative, these model systems are unable to address the tissue specific functions that Mcm10 carries out in a multicellular system. Analysis of two mutant Mcm10 alleles in Drosophila melanogaster demonstrated that Mcm10 is involved in the formation of heterochromatin, chromosome condensation, and DNA replication (Apger et al., 2010) . Other experiments carried out in D. melanogaster, using tissue-specific RNAi, demonstrated that loss of Mcm10 abrogates cell differentiation in the adult eye and elicits a DNA damage response resulting in apoptosis (Vo et al., 2014) . Mutation of Mcm10 in mice resulted in embryonic lethality at the morula stage, suggesting a role for Mcm10 in early embryogenesis and supporting the model that Mcm10 functions in DNA synthesis and cell proliferation (Lim et al., 2011) . Further investigation of the tissue specific effects of complete Mcm10 deficiency in these multicellular model systems have been hindered due to the lack of publicly available null alleles.
Given the potential utility of Mcm10 for cancer therapeutics and/or diagnostics, we have chosen to further investigate the essential nature of Mcm10 in Drosophila. We have characterized a panel of three novel ethyl methane sulfonate (EMS)-induced Mcm10 mutant alleles identified from a TILLING screen carried out on the C-terminal end of Mcm10 (Henikoff et al., 2004; Winkler et al., 2005) . Our results demonstrate that Mcm10 mutant females display severely reduced fecundity. We find that maternal loading of Mcm10 is necessary to maintain nuclear stability during early embryogenesis, and is sufficient to support adult viability. In contrast, our results also suggest that zygotic Mcm10 is not required for adult somatic viability, suggesting that Mcm10 is not essential in all cell types. Though dispensable for adult viability, our results demonstrate a novel role for Mcm10 in the development and/or maintenance of the female germline. Taken together, our results support the idea that Mcm10 is utilized in small amounts to carry out its classically defined functions in DNA replication, and that the majority of Mcm10 present in the cell is likely involved in other cellular processes.
Results

Identification of new strong loss-of-function Mcm10 mutants
Experiments performed primarily in single-cell, cell-free, or cell culture systems suggest that Mcm10 plays important roles in the control of DNA replication (Fien et al., 2004; Im et al., 2009; Kawasaki et al., 2000; Lee et al., 2003; Zhu et al., 2007) appeared to impact chromatin dynamics in the nurse cells of the developing follicles (Apger et al., 2010) . To further investigate the essential roles of Mcm10 in multicellular eukaryotes, we conducted a TILLING screen to identify novel point mutations within the carboxy-terminal end of Drosophila Mcm10 (Cooper et al., 2008; Henikoff et al., 2004; Winkler et al., 2005) . Of the mutants identified in the screen, three independent lines failed to propagate as hemizygotes in trans to a petite deletion spanning the region of Mcm10, suggesting the potential for loss of function in these alleles. Sequencing of the Mcm10 gene region in the three mutant lines verified the presence of unique genomic lesions ( Fig. 1A ; Table 1 ).
Since previous studies suggested the concentration of Mcm10 protein within the cell is important for its function in chromatin dynamics and inhibition of DNA damage (Apger et al., 2010; Christensen and Tye, 2003; Vo et al., 2014) , we evaluated the expression of our alleles at both the level of transcription and translation. (Table 2) . Furthermore, the hemizygous progeny for each allele were cultivated for 30 days and displayed no significant difference in survivorship from that of the control, suggesting Mcm10 is not required for adult viability under laboratory conditions (Table 3 ).
Mcm10 is required for female fertility
Given the adult viability and mortality observed in the hemizygous mutants ( (Table 4) . Mating the hemizygous mutant females to wild type males failed to rescue the observed subfertility. In contrast, the fertility phenotype was rescued when mutant males were crossed to wild type females (Fig. 2) . Furthermore, the phenotype was also complemented in the presence of a UASpMcm10 + construct driven by the germline-specific nos-Gal4::VP16
( Fig. S1A) , indicating that the effect of loss of Mcm10 on fertility was female-specific. The observed female-specific subfertility in the novel hemizygous mutants, combined with transcription profiles demonstrating high Mcm10 expression in the female ovary and early embryonic life stages (Graveley et al., 2011) , suggest that Mcm10 may function in female-specific gametogenesis and/or embryogenesis in Drosophila.
Maternal loading of Mcm10 is required for proper early embryogenesis
The reduction in fertility observed in the novel mutant females could be explained by a requirement for Mcm10 during embryogenesis. To test the hypothesis that Mcm10 functions as a maternal effect gene, we compared the efficiency of embryo hatching when our mutant alleles were donated maternally and paternally, maternally only with wild type paternal contribution, or paternally only with wild type maternal contribution. Both maternal donation of Mcm10 + ( Fig. 3 ) and expression of a UASp-Mcm10 + rescue construct under the control of nos-Gal4::VP16
(Fig. S1B) were capable of rescuing the reduced hatch rate phenotype. Paternal donation of Mcm10 + did slightly increase hatch rates in the mutant panel as well, but well below levels observed with wild type females (Fig. 3 ). The first 13 syncytial cell cycles are almost completely driven by maternally deposited gene products (Tadros and Lipshitz, 2009) . Therefore, the difference in hatch rates observed between maternal and paternal donation of Mcm10 + suggests that maternal loading of
Mcm10
+ rescues the hatch rate phenotype, not the presence of
+ in the zygotic genome. The fact that there was a slight increase in hatch rates when the wild type copy was donated paternally would also suggest that Mcm10 likely carries out a function after the transition to the zygotic genome. This idea would supported by the expression data available for Mcm10 which shows peak expression in adult ovaries and early embryos, with declining expression throughout embryonic development (Graveley et al., 2011) .
Mcm10 promotes genomic stability during early embryonic divisions
Since Mcm10 has been demonstrated to function in the control of DNA replication and chromatin dynamics, we hypothesized that maternal loading of Mcm10 could be necessary to maintain the rapid rate of nuclear divisions that occur in the syncytial embryo. The early embryonic nuclear divisions occur in a stereotypical, temporally defined manner (Farrell and O'Farrell, 2014) . Embryos can be staged according to the number and location of nuclei within the syncytium, and the subsequent onset of blastoderm cellularization and gastrulation (Foe and Alberts, 1983; Kotadia et al., 2001) . We expected that any changes to the rate of nuclear divisions in the absence of Mcm10 would manifest in an altered distribution of embryos in each stage of early embryogenesis. Therefore, we collected embryos deposited from control and Mcm10 mutant females over 8 h, and recorded the number of embryos observed in each stage of embryogenesis (Fig. 4A ). The majority of wild type embryos collected from control females had reached embryonic cell cycle 14 (Fig. 4A, B) ; indeed, many had already gastrulated, and were observed in a variety of morphologies consistent with late embryogenesis. In contrast, maternal Mcm10-deficient embryos were most frequently observed at the earliest stages of embryonic cell division (Fig. 4A) . The higher percentage of pre-gastrulation Table 1 Novel Mcm10 mutant alleles from TILLING screen. For each mutant allele, the location of the genomic lesion is listed, as well as the resulting effect that the lesion is predicted to generate on the translated product.
Mcm10 alleles
Nature of the mutation (Fig. 1C) . As a first step towards understanding how Mcm10 controls the efficient progression of the syncytial nuclear divisions in the early embryo, we analyzed nuclear morphology for any defects. The predominant phenotype observed in maternal Mcm10-deficient embryos was chromosomal fragmentation ( Fig. 4B-E) . The fragmentation phenotype was only observed in 4.9% of the control pre-gastrulating embryos (Fig. 4B) Fig. 4C-E) . Chromosomal fragmentation and nuclear fallout were widespread across maternal Mcm10-deficient embryos, and likely explain the observed reduction in embryo hatch rates, as well as the over-representation of pre-gastrulating embryos observed in our mutant panel (Fig. 4A ). This data would suggest that maternally loaded Mcm10 may be required to maintain genomic stability through the rapid nuclear divisions occurring in the syncytial embryo.
Mcm10 likely functions in germline development or maintenance during oogenesis
Whole genome RNA sequencing revealed that Mcm10 mRNA levels are most abundant in the adult female ovary and in early embryos (Graveley et al., 2011) , and may reflect maternal loading during oocyte development. In our initial analysis of reproductive function we noted that Mcm10 mutant females appeared to lay fewer eggs than control females; therefore, suggesting that Mcm10 may have additional biological roles in the female gonad independent of maternal loading. To explore this second possibility, we quantified egg deposition by control and Mcm10 hemizygous mutant females as a measure of the efficiency of oogenesis (Fig. 5) . As previously reported (Drummond-Barbosa and Spradling, 2001) , control females displayed robust egg deposition by four days post eclosion (Fig. 5A-C) . In contrast, we observed a significant reduction in egg deposition by Mcm10 FS mutant females (Fig. 5A ).
Egg deposition per individual was also reduced in Mcm10 SJ mutant females, but only reached statistical significance on two of the days observed (Fig. 5C) . The results showed no significant deviation in the number of eggs laid per female in the Mcm10 K389⁎ allele when compared to the control (Fig. 5B) . Further, we did not detect any evidence of male sterility in our initial screens, suggesting that Mcm10 may specifically serve a function in oogenesis independent of maternal loading.
In an effort to understand why Mcm10 FS hemizygote females, and to a lesser extent Mcm10 SJ hemizygote females, produce less eggs, we observed overall ovary morphology in well fed, four day post eclosion, mated females. Wild type Drosophila possess a pair of ovaries composed of 14 to 16 ovarioles, or strings of progressively older follicles in distinct, recognizable stages of development ( Fig. 6A) (Spradling, 1993) . Each follicle will ultimately produce a single egg; yet during oogenesis, follicles consist of a 16-cell germline cyst surrounded by somatic follicle cells (Fig. 6A′) . Cysts are comprised of 15 nurse cells, which support egg development and maternal deposition of mRNA, and one oocyte, Fig. 2 . Observed subfertility phenotype is female specific. Graphic comparison of the average total number of flies eclosed over nine days from crosses set with hemizygous females crossed to wild type males (blue bars) and hemizygous males crossed to wild type females (red bars). Subfertility is observed in the female hemizygote crosses, but not in the male hemizygote crosses. Bar graphs represent the average number of flies eclosed (+/−S.E.) from three biological replicates, each containing 10 breeding pairs. Asterisks denote significant differences (significance level = 0.05) in the number of flies eclosed from hemizygous males vs. females of the same genotypes.
which grows dramatically coincident with the uptake of yolk. Oogenesis can thus be broadly divided into pre-vitellogenic (prior to oocyte yolk uptake, where follicles are largely transparent) and vitellogenic (where follicles are opaque due to the presence of yolk) stages. Intriguingly, we found that Mcm10 FS and Mcm10 SJ mutant females frequently displayed (albeit with incomplete penetrance) extremely small ovaries ( Fig. 6B and D) . These small organs were largely devoid of vitellogenic follicles, and defects were occasionally observed in one ovary but not the other (Fig. 6D) . Consistent with the normal numbers of eggs laid by Mcm10 K389⁎ mutant females (Fig. 5B) , we did not observe gross morphological defects in Mcm10 K389⁎ ovaries (Fig. 6C ).
Closer inspection of ovary morphology in our Mcm10 mutant panel revealed that the small ovarian size observed in hemizygous females was associated with a loss of the female germline (Fig. 6A′-D′) . To better visualize ovarian cells, we used co-immunofluorescent detection of Hts (enriched in early germ cells and in the plasma membrane of ovarian somatic cells), LaminC (expressed in the nuclear lamina of the somatic cells at the anterior-most end of each ovariole), and the nuclear marker DAPI. In contrast to control ovarioles (Fig. 6A′) , which displayed a normal, progressive line of follicles, Mcm10 FS and Mcm10 SJ hemizygous mutants displayed long, thin strings of somatic cells ( Fig. 6B′ and D′) . In some cases, we could identify the somatic terminal filament and cap cells at the anterior end of the ovariole, but were unable to detect the prominent Hts-positive fusomes that are characteristic of early germ cells (arrows, Fig. 6B′ ). Other ovarioles contained germ cells, but were missing many pre-vitellogenic follicles between the tip of the ovariole and the vitellogenic stages (Fig. 6D′) . The presence of the agametic ovary phenotype observed in Mcm10 FS and Mcm10 SJ hemizygous females correlates well with the observed reduction in egg deposition (Fig. 5A,C) , indicating that the reduction in eggs deposited is likely a result of loss of the female germline in these mutants. Furthermore, although gross ovary morphology was largely normal in Mcm10 K389⁎ females, we consistently observed defects in vitellogenic follicles, including abnormal yolk accumulation (asterisks, Fig. 6C′ ) as well as multilayered and disorganized somatic cells (arrowheads, Fig. 6C′ ). Taken together, the pleiotropic defects in 
Discussion
The documented functions of Mcm10 in DNA replication and chromosome dynamics make it an interesting model to investigate the connections between these two essential processes, as well as how these processes can be connected to human disease states. Recent reports showing that Mcm10 expression is often abnormal in many types of cancer have made this conserved replication factor even more appealing as a potential diagnostic tool (Das et al., 2013; Hua et al., 2014; Thu and Bielinsky, 2014) ; however, we must understand more about the essential functions of this protein within the context of multicellular systems to begin to explore its full diagnostic potential. The mutant panel presented in this report provides a useful toolkit to allow further investigation of the requirements for Mcm10 in the processes of DNA replication, chromatin dynamics, and DNA damage repair. Furthermore, the low level transcription coupled with the non-transgenic nature of these mutant alleles may also facilitate future investigations of the effects of Mcm10 deficiency on specific tissues and life stages within this highly amenable multicellular model system, thus providing a valuable resource for the investigation of stem cell maintenance, reproductive biology, cellular differentiation, and oncogenesis.
Previous studies in Drosophila have utilized hypomorphic alleles, truncation alleles, and tissue specific RNAi to address the functions of Mcm10 in this well utilized multicellular system (Apger et al., 2010; Vo et al., 2014) ; however, they have not been able to completely address the essential nature of Mcm10 due to a lack of a complete loss-offunction allele. Throughout this work the three alleles often displayed differential phenotypes, potentially suggesting differential degrees of residual Mcm10 function across the mutant panel. be due to differential reduction in gene expression between the knockdowns and our mutant alleles, the fact that our analyses (both past and present) did not require the tissue specific expression of exogenous proteins, and/or the fact that our analyses were conducted at 25°C instead of 28°C. It is quite possible that the knockdown of Mcm10 retards cell cycle progression which coupled with the increased rate of development at 28°C causes an increase in the intensity of the rough eye phenotype. Similarly, it is also possible that we may have overlooked a less intense rough eye phenotype generated in our genomic mutants at 25°C since we did not conduct electron microscopy on the eye specifically. Though we did not observed a rough eye phenotype, analysis of our novel alleles suggest that Mcm10 is not essential in all cell populations, and that Mcm10 is dispensable for adult somatic viability. The fact that maternal loading of Mcm10 is sufficient for adult viability suggests that all post-gastrulation cell cycle progression has occurred using a Mcm10 independent method, or is dependent on very limited Mcm10 function. This is contrary to the data generated in most single celled systems which suggest that Mcm10 is required for multiple stages of DNA replication (Thu and Bielinsky, 2013) . Data from S. cerevisiae has demonstrated that DNA replication can occur in Mcm10 deficient backgrounds through a dependence on error-free post-replicative repair, although at the cost of higher mutation rates (Becker et al., 2014) . The observed adult survivorship in these mutants does not necessarily equate to normal S-phase progression, the presence of endogenous chromatin states, or a natural rate of mutation accumulation. Indeed, previous results from Mcm10 RNAi knockdown in KC cells demonstrated that cells can continue to propagate with undetectable levels of Mcm10, despite abnormal chromosome morphology (Christensen and Tye, 2003) .
The rapid progression of the first 13 embryonic nuclear cycles requires DNA replication and packaging of the genome in high fidelity to avoid DNA damage (Farrell and O'Farrell, 2014) ; therefore, a requirement for maternal loading of Mcm10 makes sense given its known functions in both DNA replication and chromatin dynamics. The chromosomal fragmentation phenotype observed in the syncytial embryos could be explained by chromosomal sheering from progressing into mitosis before replication is complete, or with improperly packaged chromatin. It is known that HP1 interacts with Mcm10 through its carboxy-terminal domain (Apger et al., 2010) ; therefore, it is possible that reduced Mcm10 activity could result in aberrant HP1 activity. HP1 mutants have been demonstrated to display similar maternal effects and fragmentation phenotypes in early embryos (Kellum and Alberts, 1995) potentially suggesting that the fragmentation phenotypes may results from a requirement of Mcm10 in chromatin dynamics, not necessarily the more classically studied replicative role.
Our data also links Mcm10 to the development and/or maintenance of the female germline. The combination of female germline requirements coupled with the maternal loading requirements for Mcm10 likely account for the observed female specific subfertility phenotype. This function of Mcm10 in establishing, or maintaining, the female germline could potentially be explained by a requirement for Mcm10 in eliciting differential DNA damage responses. Of note, increased p53 activity in the developing germline has been associated with loss of ovarian stem cells, and results in an agametic ovary phenotype (Bakhrat et al., 2010) similar to the phenotype of our Mcm10 mutants. It is not currently known when the germline is lost in these mutant females, but future investigations in our lab designed to explore the interplay between Mcm10, HP1, and DNA damage pathways during ovarian development and oogenesis will help elucidate the mechanism by which Mcm10 is involved in these key biological processes. 
Materials and methods
Drosophila strains and culture
For all experiments presented, flies were cultivated at 25°C on Drosophila diet media K12 (U.S. Biologicals D9600-07B), and w 1118 was used as wild type. (Henikoff et al., 2004; Koundakjian et al., 2004; Winkler et al., 2005) . TILLING screen mutants were crossed to bur K07130 for eight generations to remove residual second site mutations. Mcm10 mutants were analyzed in trans to Df(2L)Exel6047, which covers the entire Mcm10 locus. The transgenic complementation lines were generated by PhiC31 integrase-mediated transgenesis using the y,v; attP2 ⁎ landing site located on chromosome 3L (Genetic Services, Inc.). The constructs injected were pVALIUM20 modified by cloning the full length D. melanogaster Mcm10 cDNA downstream of the UASp element using the existing EcoRI and NheI sites (TRiP at Harvard Medical School). Transgene expression in the female germline was achieved using nos-Gal4 (nos-GAL4::VP16-nos.UTR).
RNA isolation and qRT-PCR
Hemizygous females were collected the day of eclosion and placed in vials with wild type males in the presence of yeast paste for three days. Ovaries were dissected in RNAlater (Ambion), and stored at − 20°C until RNA extraction. For each genotype, three RNA preparations were generated using the RNAqueous-4PCR DNA-free RNA isolation for RT-PCR (Ambion) as per manufacturer's protocol. Samples were subsequently treated with Turbo DNA-free (Ambion) using the rigorous treatment protocol outlined in the user manual. RNA integrity was assessed by agarose gel electrophoresis, and concentration quantified using a NanoDrop Lite spectrophotometer (Thermo Scientific). First strand synthesis was conducted using iScript cDNA Synthesis Kit (BioRad) following the manufacturer's protocol and using 787.5 ng of input RNA for each sample.
qRT-PCR was conducted using iQ SYBR® Green Supermix kit (BioRad) and a C1000 Touch™ Thermal Cycler (Bio-Rad) equipped with a CFX96™ Real-Time System (Bio-Rad) using manufacturer's protocols. Mcm10 was amplified using the forward primer 5′-GACTGCGCATGATC AATCCG-3′and the reverse primer 5′-GATACGCAACGCCTGAGAAG-3′. RP49 was amplified using forward primer 5′-TGTGCCAAATTGTACCCG TG-3′ and reverse primer 5′-GCTTGTTCGATCCGTAACCG-3′.
Western Blot analysis
Embryos were collected from sibling crosses of indicated genotypes at 8 h after egg laying at 25°C on grape agar (Genesee Scientific). Embryos were removed from the plates, washed five times with distilled water, and then stored at −80°C. 100 mg/mL protein lysates were generated for each strain in 1× Laemmli Buffer and 6 μL from each sample was electrophoresed on a 12% SDS-PAGE gel and transferred to Immobilon-P SQ membrane (Millipore). Membranes were blocked in 10% milk in wash buffer (1 × PBS with 0.2% Tween-20), then probed with guinea pig polyclonal anti-Mcm10 primary antibody (Cocalico Biologicals) diluted 1:5000 in 5% milk in wash buffer, and goat antiguinea pig HRP-conjugated secondary antibody (Millipore) at a 1:2000 dilution in 5% milk in wash buffer. Membranes were then developed using Immobilon Western Chemiluminescent HRP Substrate (Millipore) using the manufacturer's instructions, imaged using a ChemiDoc XRS imager and accompanying Quantity One 1-D analysis software (Bio-Rad), and further processed to publication quality using Adobe Photoshop.
Survivorship and fecundity analyses
All survivorship experiments were established using ten virgin females and ten males of the genotypes listed. Crosses were cultivated for ten days at 25°C. On the ninth day, the adults were removed from the vials, and all progeny were sorted and counted every 24 h for nine days post eclosion. After nine days of collection, the counts were totaled and compared with expected Mendelian ratios using Fisher's exact test (Available at http://www.danielsoper.com/statcalc) to observe any deviations at a significance level of 0.05.
To assess potential sex specific impacts of Mcm10, fecundity crosses were set containing five virgin mutant females and five wild type males, or with five virgin wild type females and five mutant males. Three replicate crosses were generated for each genotype for both males and females. All crosses were cultivated at 25°C for nine days, and progeny were counted each day for nine days post first eclosion. Totals were compared, between mutant females and males, for each genotype using two-tailed Student's t-test in JMP10 (SAS Institute Inc.) at a significance level of 0.05.
Egg deposition and embryo hatch rate experiments
Egg deposition was assessed in triplicate by placing five pairs of newly eclosed flies of the appropriate genotypes into embryo collection bottles, and allowing egg deposition on molasses plates (13.5% molasses, 0.033 g agar/mL, and 0.06% tegosept) topped with yeast paste as described (Drummond-Barbosa and Spradling, 2001) . At the same time every day, the plates were removed and the flies were anesthetized with CO 2 to count the number females in each bottle. On days 2, 4, 6, 8, 10, and 12 the molasses plates were removed and all eggs were counted and recorded. Data was tested for statistical significance using two-tailed Student's t-test in JMP10 (SAS Institute Inc.) at a significance level of 0.05. The plates collected on days 3, 5, and 7 were used to assess hatch rates. For each genotype, 50 embryos were positioned onto grape agar (Genesee Scientific) for scoring. Grape plates containing the embryos were wrapped in Parafilm and incubated at 25°C for three days in a humidified chamber to allow for hatching. On the third day of incubation the unhatched embryos, and all larvae present, were counted and recorded. For each mating scheme three replicates were completed, and statistical significance was evaluated using two-tailed Student's ttest in JMP10 (SAS Institute Inc.) at a significance level of 0.05.
Early embryo analysis
Embryos were obtained from 8 hour collections at 25°C on grape agar from appropriate crosses (Genesee Scientific) and fixed, and stained, as described (Kellum and Alberts, 1995) . All microscopy was carried out using a Zeiss LSM 700 Confocal microscope equipped with Zen imaging analysis software. Embryos were staged according to the mitotic cycle based on nuclei number and location within the embryo (Foe and Alberts, 1983; Kotadia et al., 2001) , and binned into one of three groups (embryonic cell cycles 1-9, 10-14a, or 14b+). Distributions of embryonic stages for each mutant allele were compared to the control using Fisher's exact test (available at http://www.danielsoper. com/statcalc) using a significance level of 0.05.
Ovary preparation, immunofluorescence, and microscopy
To assess ovarian morphology, newly eclosed females were collected for each genotype and mated to wild type males. The females were fed on K12 media and yeast paste for three days, placing the flies in a new vial with fresh yeast paste each day. On day four, ovaries were dissected in fresh Grace's Insect Media (Lonza BioWhittaker), and scored for the presence or absence of agametic ovaries. Representative images of ovary phenotypes were obtained using an Olympus SZX7 microscope equipped with an Olympus DP72 camera and CellSens imaging software (Olympus), and further processed to publication quality using Adobe Photoshop.
For immunofluorescent analysis of ovarian morphology, ovaries were dissected, fixed, washed, and blocked as described (Ables and Drummond-Barbosa, 2010) . The following primary antibodies were used overnight at 4°C: mouse anti-Hts [1B1, Developmental Studies Hybridoma Bank (DSHB); 1:10] and mouse anti-Lamin C (LamC) (LC28.26, DSHB; 1:100). Following a two-hour incubation with Alexa Fluor 568-conjugated goat anti-mouse secondary antibodies (Life Technologies; 1:200), ovaries were stained with 0.5 μg/ml 4′-6-diamidino-2-phenylindole (DAPI) (Sigma). Ovaries were mounted in 90% glycerol containing 20 mg/ml n-propyl gallate (Sigma). Confocal Z-stacks (1 μm optical sections) were collected with a Zeiss LSM 700 microscope using ZEN Black 2011 software. Images were analyzed and minimally and equally enhanced via histogram using Zeiss ZEN software.
